. TSP1 Mimics the Synapse-Promoting Activity of ACM (A) Immunostaining of RGCs for colocalization of presynaptic synaptotagmin (red) and postsynaptic PSD-95 (green) shows few synaptic puncta in the absence of astrocytes (Control) but many in the presence of astrocyte-conditioned medium (ACM) or a feeding layer of astrocytes (Astros), indicating that astrocytes secrete a synapse-promoting activity that is also active in ACM. (B) Astrocyte feeding layer (Astros) increases frequency of spontaneous mEPSCs above control, while ACM does not. (C) Synapse-promoting activity in ACM is over 100 kDa. ACM was concentrated with molecular weight cutoff (MWCO) filters of 5, 50, and 100 kDa. The number of puncta from ACM prepared with a 100 kDa MWCO filter is similar to the number of puncta produced by astrocyte feeding layer, indicating that the astrocyte-derived synapse-promoting activity is over 100 kDa. (D) Immunostaining for colocalization of presynaptic synaptotagmin (red) and postsynaptic PSD-95 (green) shows few RGC synaptic puncta in the absence of astrocytes (Control) but many in the presence of 5 g/ml thrombospondin 1 (TSP1), indicating that TSP1 is sufficient to increase synaptic puncta on neurons. Cholesterol induces no increase in puncta. (E) Quantification of the effects of ACM, TSP1, and ACM + TSP1 on synaptic puncta. ACM and TSP1 significantly increase the number of synaptic puncta over control. ACM + TSP1 increases synaptic puncta to the same extent as either ACM or TSP1 alone, indicating that the effect of ACM is not additive with the effect of TSP1. (F) Cholesterol (10 g/ml) does not increase the number of synaptic puncta in neurons. Asterisks in all panels correspond to p < 0.05 compared to control. Error bars are the mean ± SEM. Scale bars are 30 m.
postsynaptic markers synaptotagmin and PSD-95, similar degree as ACM ( Figures 1D and 1E ). The number of puncta per RGC induced by TSP1 increased in a respectively. Each yellow punctum corresponds to the site of a single functional synapse (Ullian et al., 2001 ).
dose-dependent manner with concentrations of TSP1 ranging from 2 to 20 nM; 10 nM was the plateau conAs previously described (Ullian et al., 2001 ), RGCs cultured for several days below a feeding layer of astrocentration and was used in all subsequent experiments (data not shown). We found no difference in the average cytes have 7-fold more functional synapses than RGCs cultured alone, as assayed by whole-cell patch recordradii or the distance between the centers of colocalized puncta between conditions (Supplemental Table S1 ), ing ( Figure 1B) . When RGCs were cultured in ACM, there was an increase in the number of structural synindicating that the increase in synapse number was not simply due to an increase in the size of the few synaptic apses, indicated by an increase in both the number and colocalization of pre-and postsynaptic puncta in the puncta present in control conditions. TSP1-induced synaptic puncta exhibited immunoreactivity for a large presence of ACM ( Figure 1A) ; however, these synapses were not functional, as indicated by the frequency of variety of presynaptic proteins including synaptotagmin, synapsin, and Bassoon as well as postsynaptic synaptic currents ( Figure 1B ). Despite this lack of function, quantification of immunostaining showed that proteins including PSD-95, SAP102, and Homer (Supplemental Figure S6 ). To determine whether the increase ACM induced as many structural synapses as an astrocyte feeding layer ( Figure 1C ). This suggests that in synapse number by TSP1 involved increased levels of synaptic proteins, we measured protein levels in there are at least two signals secreted by astrocytes: one that is present in ACM that increases the number control RGCs and RGCs treated with TSP1. Similar to our previous results with astrocytes (Ullian et al., 2001 ), of structural synapses and a second signal either not produced in the absence of RGCs or lost during prepawe found that RGCs treated with TSP1 did not have significantly increased levels of synaptic proteins comration of ACM (data not shown) that induces functionality.
pared to control cultures (Supplemental Figure S2) Figure S3 ). that all of the synapse-promoting activity in ACM was To determine whether the synaptogenic effect was larger than 100 kDa ( Figure 1C) , and the majority of the specific to TSP1, we tested a panel of extracellular matrix activity was still retained with a 300 kDa cutoff filter molecules known to be secreted by astrocytes (including (data not shown). To test whether ApoE-containing parfibronectin, vitronectin, tenascin C, osteonectin/SPARC, ticles could be responsible for the activity as previously osteopontin, chondroitin sulfate proteoglycans A and reported ), we immunodepleted C, biglycan, decorin, and agrin) as well as battery of ApoE-containing complexes from ACM. Despite deplepeptide trophic factors (including TNFα, Il-6, GDNF, tion of virtually all of the ApoE protein, ACM induced bFGF, TGFβ1, HGF, and pleiotrophin). None of these the same number of synapses (see Supplemental Fig- molecules had a significant effect on synapse number ure S1 in the Supplemental Data available with this arti-(Supplemental Figure S3 ). In addition, BDNF, CNTF, and cle online). In addition, we found that treatment of insulin are present in our medium even in control condiRGCs with either ApoE (data not shown) or cholesterol tions where few synapses form. (Figures 1D and 1F ) had no effect on synapse number. Therefore, ApoE bound cholesterol is not responsible for the synapse-promoting activity of ACM. However, ACM and TSP1-Induced Synapses Are Ultrastructurally Normal cholesterol does strongly enhance synaptic efficacy, as previously reported Supplemental Are the ACM-and TSP1-induced synapses ultrastructurally normal? We used electron microscopy to study Figure S1 ).
The large size of the synaptogenic ACM activity, to-ACM-and TSP1-induced synapses in fine detail. Synapses induced by TSP1 and ACM were ultrastructurally gether with our unpublished observation that the activity is heparin binding (data not shown), strongly sugidentical to the electrophysiologically active synapses induced by a feeding layer of astrocytes. Pre-and postgested the possibility that the activity is an extracellular matrix protein. We investigated the possibility that TSPs synaptic specializations could be easily detected in RGCs cultured under both conditions as well as with contribute to the synaptogenic activity of ACM because TSPs form large >500 kDa oligomeric complexes, are an astrocyte feeding layer ( and the increase in synapse number in all cases was indicates that TSP1 and TSP2 both promote synaptogenesis. In addition, the synaptogenic activity of recomparable to our immunostaining results ( Figure 2C) . combinant TSP2 provides evidence that the activity in These findings demonstrate that TSP1 is sufficient to purified platelet TSP1 is not due to copurification of a induce ultrastructurally normal synapses and provide TSP binding protein. Figure 3C ). RGCs cultured in TSP2-depleted sis of mRNA isolated from astrocytes in culture indi-ACM developed several-fold fewer synaptic puncta cated expression of both TSP1 and TSP2 (data not compared to nondepleted ACM, reducing the number shown). However, we were only able to detect protein of synapses induced to control levels ( Figure 3D ). Interfor TSP2 by Western blotting of ACM and astrocyte cell estingly, despite the lack of double-labeled synaptic lysate with TSP1-and TSP2-specific antibodies (data puncta in RGCs cultured with TSP2-depleted ACM, not shown and Figure 3C ), even though the TSP1 antithere was still a significant increase in the number of body recognizes rat TSP1 in serum (data not shown) single-labeled puncta containing nonoverlapping synand rat brain lysate ( Figure 5E ). aptotagmin or PSD-95 immunoreactivity ( Figure 3E ). Is TSP2 synaptogenic? We found that recombinant These findings demonstrate that TSP2 is necessary for TSP2 (rTSP2) increased synapse number in RGCs to a astrocytes to enhance synaptogenesis and suggest that TSP2 may normally enhance synaptogenesis by inducing similar degree as TSP1 (Figures 3A and 3B ). This finding or maintaining the alignment and/or adherence of preincreased synaptic activity as measured by whole-cell and postsynaptic specializations. patch clamp recording ( Figure 4A ; Supplemental Figure  S4 ). In contrast, astrocyte feeding layers significantly increased the frequency of synaptic events ( Figure 4A ).
ACM and TSP1 Induce Formation of Postsynaptically
We next investigated whether the TSP1-and ACMSilent Synapses induced synapses were presynaptically active by Despite their potent effects on increasing structural synapse number, neither ACM, TSP1, nor TSP2 measuring vesicular release using an antibody to the No decrease in synapse number was detected in TSP1-or TSP2-deficient mice. However, in the TSP1/2 double tors, we analyzed the evoked responses of RGCs treated with TSP1 or astrocyte feeding layers in the null cerebral cortex, there was a 40% decrease in synaptic puncta at P8 as quantified by SV2 immunoreactivpresence and absence of Mg 2+ . In contrast to astrocyte feeding layer-induced synapses, RGCs treated with ity ( Figure 6B ). Even by P21, a time when synapse number has normally plateaued, there was still a 25% TSP1 exhibited no AMPA component to the evoked response when currents were elicited in the presence of decrease in synaptic puncta compared to wt controls ( Figure 6C) . A similar decrease in synapse number was Mg 2+ , but a small NMDA component was detectable in the absence of Mg 2+ (Supplemental Figure S4) . Thus, observed in TSP1/2 double null brain sections from the superior colliculus (data not shown). There was subdespite the lack of postsynaptic AMPA receptors, the TSP-induced synapses are functional in that they restantial variability between brain regions and mice, with decreases in cortical synapse number that ranged as lease glutamate and exhibit small NMDAR-mediated components of the evoked response.
high as 50% in some cases. Similar results were obtained using antibodies to other synaptic proteins including Bassoon and PSD-95, indicating that the deTSPs Colocalize with Synaptic Markers and Are creased puncta likely corresponded to a decrease in Expressed by Astrocytes In Vivo synapse number rather than simply a decrease in the To determine whether TSP1 and TSP2 are expressed in synaptic localization of a particular protein. the developing brain, we used antiserum against TSP1
To verify that these puncta correspond to synapses to immunostain postnatal brain, the age at which the as defined by colocalization of pre-and postsynaptic bulk of synaptogenesis occurs. It is not clear whether proteins, we double labeled cryosections of P21 wt and this antiserum also recognizes the highly related isoform TSP1/2 double null brains using antibodies to the pre-TSP2, so we refer to the immunoreactivity as TSP1/2. synaptic protein Bassoon (BSN) and the postsynaptic TSP1/2 immunoreactivity was observed throughout the protein SAP-102 (Lim et al., 2002; Figure 7A ). We used postnatal day 8 (P8) cortex, superior colliculus, and retnovel trichloroacetic acid fixation conditions that alina, and appears diffuse and widespread, as expected lowed both pre-and postsynaptic markers to be simulfor a matrix molecule secreted by astrocytes (Figure 5 taneously immunostained. We saw a similar 31% and data not shown). Interestingly, TSP1/2 immunoredecrease in the number of colocalized pre-and postactivity was also seen in discrete puncta that colocalized with the synaptic marker synaptotagmin in both synaptic puncta in TSP1/2-deficient brains compared to wt ( Figure 7B ). Similar to our cell culture results, we cortex ( Figure 5A ) and superior colliculus ( Figure 5B ). We also found extensive colocalization of TSP1/2 with did not see an overall decrease in the levels of synaptic proteins in TSP1/2 double null brains compared to wt ezrin ( Figure 5C ), a marker of the fine astrocyte processes that ensheathe synapses in the postnatal CNS (Supplemental Figure S7) . To determine whether the effect of TSP1/2 deficiency (Derouiche and Frotscher, 2001). Interestingly, TSP1/2 immunoreactivity largely disappeared in these brain reon synapse number was direct and not secondary to effects on cell survival, proliferation, or migration, we gions by postnatal day 21 (P21; Figure 5D ), suggesting that TSP1 and TSP2 serve a transient function and are counted the number of DAPI-stained nuclei per section in P21 cortex. We found no significant difference in the not required for maintenance of synapses in the adult.
In order to more directly determine whether TSP1 and number of DAPI nuclei between wt and TSP1/2 double null brains (85 ± ten nuclei per area wt; 97 ± ten nuclei TSP2 proteins are present in the postnatal and adult rat brain, we used TSP1-and TSP2-specific antibodies, per area TSP1/2 double null, p = 0.4). In addition, there was no obvious difference in the morphology of cortical which work well for Western blotting but not immunostaining, to look at protein expression. Both TSP1 and structures or layers. To determine whether the effect of deleting TSP1/2 on synapse number was due to de-TSP2 proteins were detected in extracts prepared from rat P5 cortex ( Figure 5E ) and whole brain (data not fects in dendritic arborization, we quantified the density of dendritic fields in synaptic areas of the cortex. We shown). As we observed for the immunoreactivity, both TSP1 and TSP2 protein levels were very low or absent found no significant morphological difference in dendritic structures or dendritic arbor density between wt in adult brain. To further examine which TSPs are present in astrocytes in postnatal brain, we performed RTand TSP1/2 double null brains at P21 or P8 ( Figures  7C and 7D ). These data, together with the persistent PCR on mRNA isolated from highly purified, acutely isolated astrocytes from P5 rat cortex. Both TSP1 and decrease in synapse number at the nearly adult age of P21, provide evidence that the decrease in synapse TSP2 mRNAs were detected (data not shown). Taken together, these results show that both TSP1 and TSP2 number in TSP1/2-deficient mice cannot be explained by a decrease in cell number or dendritic number or are present in the developing brain, where they are highly localized to astrocytes, and are downregulated length but rather is due to a specific inability to form or maintain a normal number of synapses. Taken together, in adult brain. 
Implications of CNS Synaptogenic Proteins
were from Sigma; agrin was from R&D Systems; collagen IV was for Understanding Normal CNS from BD Biosciences; fibronectin, osteonectin, and vitronectin
Development and Disease
were from Haemtech; and tenascin C was a generous gift from M.
The identification of TSP1 and TSP2 as CNS synaptoSchachner. All matrix molecules were used at a concentration of 5 genic proteins has important implications. The abunµg/ml, except collagen IV, which was used at 10 µg/ml, and the CSPGs, which were used at 1 µg/ml to avoid overfasciculation. dance of TSPs in vivo is dynamically regulated during GDNF (10 ng/ml), TNFα (10 ng/ml), TGFβ1(10 ng/ml), bFGF (10 ng/ development, being low in late embryonic brain, higher ml), and HGF (50 ng/ml) were from Preprotech; IL-6 (10 ng/ml) was in postnatal brain, and low or absent in the adult brain from Sigma; and pleiotrophin (50 ng/ml) was from R&D Systems. 
Synaptic Assays Experimental Procedures
For synapse quantification, cultures were fixed for 7 min in 4% paraformaldehyde (PFA), washed three times in phosphate-buf-
Purification and Culture of RGCs
Step-by-step protocols for all procedures are available on request fered saline (PBS), and blocked in 100 µl of a blocking buffer containing 0.1% Triton X-100 for 30 min. After blocking, cover slips to barres@stanford.edu. RGCs were purified by sequential immunopanning to greater than 99.5% purity from P5 Sprague-Dawley were washed three times in PBS, and 100 µL of primary antibody solution was added to each cover slip, consisting of rabbit antirats (Simonsen Labs, Gilroy, CA) and cultured in serum-free medium containing BDNF, CNTF, and forskolin on laminin- . We would like to extend special thanks to Jonathan Pollock for his support and encouragement of the work. labels of synaptic puncta, brains were immersion fixed in 10%
